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less through a turbid medium than a conventional line image. 
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ABSTRACT 
In this experiment we investigated whether or not super resolution 
could be attained by using Karta shev' s idea of assigning specific wave­
lengths or colors to an object. Theta modulation was used to produce a 
color-coded image and its transmission through a turbid medium was used 
to demonstrate super resolution. We succeeded in demonstrating that a 
theta modulated color-coded image will be degraded less through a turbid 
medium than a conventional line image. 
PURPOSE OF EXPERIMENT 
The purpose of the experiment is to investigate whether information 
could be transmitted through a scattering medium more easily if it is color 
coded. We used theta modulation as a means to color code an image, 
and compared its transmission through a scattering medium with that of 
an India-ink drawing. If the color-coded image could be resolved and 
the conventional image could not, then we can conclude that information 
will go through fog easier if it is color coded. This would demonstrate a 
type of super resolution. 
2 
HISTORY AND LITERATURE REVIEW 
Optical methods for image formation have been described in which 
resolving power greater than the classical limit is possible. This is 
defined as "super resolution". Kartashev, in 1959, described a metho:-1 
in which a specific wavelength or color was assigned to every element 
in the object. The light now coming from the object will possess a 
spectral composition determined by the elements of the object. This 
method of optical image formation can, under some conditions, enable 
resolving powers to be attained that are considerably higher than those 
obtained otherwise. He postulated that a scattering medium could be 
placed between the object and the observing system and, as long as the 
minimum amount of light necessary for visual observation or photographic 
recording was present, the coded image could be resolved. 1 Lukosz, in 
19 66, theorized about several types of super resolving systems but made 
2 no mention of interposing a scattering medium. Ueda and Sato, in 1971, 
found it difficult to realize a super resolving effect by a method that 
1A. I. Kartashev, "Optical Systems with Enhanced Resolving Power, ,. 
Optics and Spectroscopy, 9 (1960) , pp. 204-206. 
2w. Lukosz, Optical Systems with Resolving Powers Exceeding the 
Classical Limit, " J. Opt. Soc. Am., 56 (1966) , pp. 1463-72 . 
., .. 
�· 
improved spatial degrees of freedom by sacrificing temporal degrees of 
freedom, as proposed by Lukosz. However, they did succeed in the 
construction of a simple super resolution system using holography. 3 
Many other scientists have experimented with super resolution using 
such techniques as computer enhancement, maximum entropy, longer 
4-8 
measuring time, and speckle phenomenon averaging. 
In electronics, one can have a sinusoidal carrier and signal 
4 
such that the amplitude of the carrier varies proportionally to the signal. 
A signal thusly modulated may be easier to transmit. Armitage and 
Lohmann first proposed a technique in which the angular orientation of 
an amplitude grating can be varied. This parameter is unique to optical 
situations. The authors define the orientation of the grating as the 
3M. Ueda and T. Sato, "An Experiment on Superresolution by 
Holography, " Bull. Tokyo Inst. Technology (Japan) , No. 106, (1971) , 
pp. 75-79. 
4M. J. M cDonnel and R. H. T. Bates, "Digital Restoration of an 
Image ofBetegense, "Astro. phys. J. (USA) , 208, No. 2, (Sept, 1976), 
PP. 443-452. 
5B. R. Frieden and J. J. Burke, "Restoring with Ma.>..'imum Entopy 
II. Superresolution of Photographs of Diffraction Blurred Impulses, " 
J. Opt. Soc. Am. (USA) , 62, No. 10, (Oct., 1972) , pp. 1202-1210. 
6H. Pulvermacher, "Superresolution by Using a Longer Measuring 
Time, " OPTIK (Germany), 45, No. 1, (1976) , pp. 1-10. 
7H. Pulvermacher, "Superresolution by Making Better Use of the 
Image Field, " OPTIK (Germany) , 44, No. 4, (1976) , pp. 413-426. 
8c. Pask� "Simple Optical Theory of Super-Resolution, " J. Opt. 
Soc. Am. (USA), 66, No. 1, (Jan. , 1976),  pp. 68-70. 
azimuth angle theta, and refer tq their method as theta modulation. 9 
Modulation here means the assignment of various angles theta of an 
amplitude grating to corresponding target details. Therefore, in the 
modulated target, the grating representing the house was at a different 
angle than those of the sky or ground. 
Theta modulation was first proposed to perform certain infor-
mation processing operations. Theta modulation allows production of 
a color image from a black and white amplitude grating. The method 
achieving the best result used a spatial mask to produce a true color 
image. Different wavelengths appear at the diffraction plane at dif-
ferent distances from the optic axis. A simple mask is then used to 
select the desired colors by blocking out the undesired colors. In 
their pa.per, Armitage and Lohmann did not describe the spatial separa­
tion achieved nor the experimental apparatus in detail. IO 
In 1971, Meyer-Arendt developed an experiment demonstrating 
the color space filtering properties of theta modulation. The experiment 
was an elaboration of the spatial filter method described by Armitage 
a.nd Lohmann, in which Meyer-Arendt demonstrated that a satisfactory 
5 
9J. D. Armitage and A. W. Lohmann, "Theta Modulation in Optics, " 
Applied Optics , 4 (1965), pp. 399-403. 
10 Armitage, pp, 399-403, 
image consists of light energy contained in the zeroth order and infor-
1 1  mation carried in the higher orders. 
It is from Meyer-Arendt' s article and from the experiment that 
is part of the Physical Optics Laboratory at Pacific University that much 
of our experimental design is drawn. We believe that our application 
of theta modulation to super resolution is unique. 
11 
6 
J. R. Meyer-Arendt, N. A. Hutton, and W. S. Muncey, "Color 
Space Filtering as an Optics Laboratory Experiment, " Am. J. Phys. (USA), 
39, No. 4, (1971), p. 451. 
EXPERIMENTAL METHOD 
Two different objects were used. One was a simple India-ink 
drawing of a house; the second, a model house made of segments of 
plastic diffraction gratings oriented at different angles (Fig: 1 ). The 
12 experimental design was similar to the one used by Meyer-Arendt. 
The major modifications were the inclusion of a diffusing medium and 
changing the positions of the lenses and screen. This compensated 
for the increased optical path length and made the image size a ppro-
priate to be recorded directly on 35 mm film. 
a b 
Fig. 1. Objects: (a) India ink object, (b) Same object in theta modulated 
form. 
12J. R. Meyer-Arendt, p. 451. 
7 
8 
A white, incoherent light source (1) was placed at some distance 
to the left of the target (fig. 2). The first lens (2) acts as a condenser, 
illuminating the scene and forming an image of the light source on another 
lens (4) . The object (3) was oriented upside down so the projected image 
would be right side up. Lens· (4) was a large cemented air-spaced doublet 
consisting of a plano-convex lens on the left, its plane side facing the 
object, and a biconvex lens on the right. Immediately following the 
doublet, a closed chamber consisting of two glass plates separated by 
4 cm and capable of holding 340 ml of a diffusing medium was interposed. 
The image was sharply focused directly on the film plane of a 35 mm 
camera (Fig. 2). With the theta modulated target, the diffraction pattern 
appears with discrete angular orientations corresponding to the orientation 
of the gratings of the object. The zero diffraction order is blocked out at 
a 11 times since it theeretically contains only light energy and no informa­
tion, and is independent of the angular orientation of the grating. The 
higher order diffraction maxima carry the information and these are ob­
served to form bright spectra symmetrically arranged around the zeroth 
order. Using a spatial filtering mask, select colors were isolated from 
the spectra to color code the different elements of the object (Fig. 3). 
These colors were transmitted through the clear and turbid medium. The 
optical components required to demodulate the image must have an entrance 
pupil large enough to accommodate the diffraction orders which contribute 
to the final image. The maximum separation attainable from red to violet 
was 14 mm. In order to produce the colors red, blue, and green, a 
constant sized slit was used. 
1 2 3 4 5 6 
0 � ~ -. 
I• 13 cm 1 ... 13.5 ... 1- 13-J .. 29 . •I 
9 
Fig. 2. Optical Arrangement: 1 = Polychromatic incoherent light source, 
2 = Condensing lens, 3 = Object plane, 4 = Doublet, S = 
Diffusing chambers, 6 "" Image plane. 
The distances used were experimentally devised as being the 
best compromise between spectral separation and optical aberrations. 
. 2 The doublet was covered by an opaque cardboard mask with three, 3 mm 
slots to act as a spatial filter. The slots isolated selected colors from 
the dispersion spectrum (Fig. 3) to create a color coded image. As a 
reference, clear water was used in the chamber and a series of photo-
graphs were taken using both the India-ink object and the theta modulated 
object. Exposure times were set so that equal densities of the film 
negative were achieved. Numerous sets of photographs were taken of 
each target, some with the path going through clear water, others with 
the path through water to which a small amount of milk had been added. 
Finally, a total of four photographs were selected that were comparable 
and clearly showed enhanced resolution. 
�L
/
Sk, 
0 0 
0 
/� 
House 
a b c 
Fig. 3. Objects: (a) Theta modulated object, (b) Diffraction pattern, 
(c) Color selection mask. 
10 
0 
EXPERIMENTAL RESULTS 
As seen by the photograph, (Fig. 4b) , a level of density was reached 
such that the India ink drawing could barely be resolved. Figure 4a is a 
photograph of the India ink image through water, while Figure 4b is the 
same image through the turbid medium. Figure 4c is the theta modulated 
image in which the sky is blue, the house red and the foreground green. 
Figure 4d is the theta modulated image, as seen through the same turbid 
medium used with the India ink image. It is easily resolved since an 
outline of the house can be clearly seen. Therefore, in comparing 
Figure 4b with Figure 4d, one can conclude that enhanced resolution is 
shown using a theta modulated image. Although the form is apparent in 
Figure 4d, the colors have been lost due to film effecti vity. 
With the addition of more milk, a point was reached such that 
the India ink drawing could not be resolved at all, while the theta modu-
lated form was still visible. 
1 ' -'- 1 
12 
a c 
b d 
Fig. 4. Objects: (a} India ink object through water, (b) India· ink object 
through milk, (c) Theta modulated object through water, (d) 
Theta modulated object througt:' milk. 
\ 
\ 
DISCUSSION 
Karta shev pointed out that under certain conditions, optica 1 
coding systems could achieve greater resolution than conventional 
optical systems. One of the conditions postulated was the transmissi.'1n 
of images through diffusing media. We hypothesized .that a theta modu­
lated, color..;.coded image would do this. This was borne out by our 
experimental results. In our experiment, the diameter of the doublet 
lens was the most critical limiting factor. To produce an image that 
would fall within a 35 mm film frame, a large spectra 1 separation was 
needed. This put the first order diffraction pattern near the periphery 
of the demodulating lens and therefore made it subject to all of the 
degrading lens aberrations. With an even larger lens, higher orders 
of diffraction could be utilized, providing more information and greater 
spatial separation and possibly greater resolution. 
Visual results projected onto a screen at a greater distance 
(and therefore a larger image) were just as dramatic, if not mere so, 
than could be recorded on film. This may have been seen because a 
more central part of the demodulating lens could be used. 
13 
Also note that the red coded parts of the theta modulated image 
seemed to be transmitted better than the green or blue. This is in 
agreement with the theory of Rayleigh scattering which is proportional 
4 
to l/" • 
14 
CONCLUSION 
This experiment was designed to test the hypothesis set forth by 
Karteshev that a color-coded image may, under certain conditions, be 
resolved better than a conventional line image. Theta modulation was 
used as a method of color coding an image. Its transmission through 
a turbid medium was compared to the transmission of an India-ink 
drawing through the same medium under the same conditions. The theta 
modulated image is easily resolved while the line image is barely 
discernable. Thus, we der:10nstra ted that a theta modulated, color­
coded image exhibits enhanced or "super" resolution through a diffusing 
medium. 
15 
1. Light source: 
2. Small lens: 
3. Objects: 
SPECIFICATIONS 
High intensity white light with a 3 mm diameter 
aperature. 
6. 4 cm diameter; 16. 7 cm focal length biconvex 
lens. 
a) Ink house drawn on tracing pa per set in a 
35 mm carrier slide. 
House dimensions: 
width 10 mm 
height 
height, walls 
9 mm 
5 mm 
b) House made from diffraction grating set in a 
35 mm carrier slide. 
House dimensions: 
width 10 mm 
height 9 mm 
height, walls 5 mm 
4. Large lens: Air spaced doublet, focal length 11.4 cm. 
entrance diameter 10. 5 cm 
exit diameter 9. 7 cm 
5. Water tank: Two 1/8 inch glass plates separated by 4.3 cm, 
being round in shape with a diameter of 11 cm, 
with a capacity of 340 ml. 
6. Film plane: 35 mm Kodak Ektachrome 200 color slides, film 
was commercially developed. 
7. Scattering medium: 340 ml of water mixed with 50 drops 2% milk. 
8. Exposure times: Slide #4a Ink house w/water 
Slide #4b TM house w/water 
Slide #4c Ink house w/milk 
Slide #4d TM house w/milk 
1 \) 
1/4 second 
1/4 second 
4 seconds 
12 seconds 
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